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Subcellular Localization and Clues for the Function of the HetN
Factor Influencing Heterocyst Distribution in Anabaena sp. Strain
PCC 7120
Laura Corrales-Guerrero,a Vicente Mariscal,a Dennis J. Nürnberg,b Jeff Elhai,c Conrad W. Mullineaux,b Enrique Flores,a
Antonia Herreroa
Instituto de Bioquímica Vegetal y Fotosíntesis, Consejo Superior de Investigaciones Científicas and Universidad de Sevilla, Seville, Spaina; School of Biological and
Chemical Sciences, Queen Mary University of London, London, United Kingdomb; Center for the Study of Biological Complexity, Virginia Commonwealth University,
Richmond, Virginia, USAc
In the filamentous cyanobacteriumAnabaena sp. strain PCC7120, heterocysts are formed in the absence of combined nitrogen, fol-
lowing a specific distribution pattern along the filament. The PatS andHetN factors contribute to the heterocyst pattern by inhibiting
the formation of consecutive heterocysts. Thus, inactivation of any of these factors produces themultiple contiguous heterocyst (Mch)
phenotype.UponN stepdown, aHetNproteinwith its C terminus fused to a superfolder version of green fluorescent protein (sf-GFP)
or toGFP-mut2was observed, localized first throughout thewhole area of differentiating cells and later specifically on the peripheries
and in the polar regions ofmature heterocysts, coincidingwith the location of the thylakoids. Polar localization required anN-termi-
nal stretch comprising residues 2 to 27 thatmay represent an unconventional signal peptide.Anabaena strains expressing a version
of HetN lacking this fragment from amutant gene placed at the native hetN locus exhibited a mildMch phenotype. In agreement
with previous results, deletion of an internal ERGSGR sequence, which is identical to the C-terminal sequence of PatS, also led to
theMch phenotype. The subcellular localization in heterocysts of fluorescence resulting from the fusion of GFP to the C termi-
nus of HetN suggests that a full HetN protein is present in these cells. Furthermore, the full HetN protein is more conserved
among cyanobacteria than the internal ERGSGR sequence. These observations suggest that HetN anchored to thylakoid mem-
branes in heterocysts may serve a function besides that of generating a regulatory (ERGSGR) peptide.
When confronted with a condition of nitrogen deficiency,some filamentous cyanobacteria produce cells called het-
erocysts that specialize in the fixation of atmospheric nitrogen and
are distributed in a defined pattern along the filament. In strains of
the genera Anabaena and Nostoc, heterocysts are found separated
by intervals of ca. 10 vegetative cells on average (1, 2). The differ-
entiation of a vegetative cell into a heterocyst results from a pro-
gram of gene activation events orchestrated by two transcription
factors, the global regulator NtcA and the heterocyst-specific reg-
ulator HetR (3). In addition, a number of other regulators partic-
ipate to determine the spatial pattern of heterocyst distribution
along the filament. Specifically, inactivation of patS (4) or patU3
(5) or overexpression of hetF (6, 7) produces a multiple contigu-
ous heterocyst (Mch) phenotype inwhich heterocysts are found in
groups, frequently separated by vegetative-cell intervals shorter
than those in the wild-type strain. On the other hand, inactivation
of patA produces heterocysts mostly at the filament ends (8).
HetN also influences the pattern of heterocyst distribution
along the filament. The hetN gene product exhibits similarity to
oxidoreductases involved in the synthesis of fatty acids and
polyketides and includes an RGSGR sequence that is identical to
the five C-terminal residues of the PatS morphogen (9–11). In the
genome of Anabaena sp. strain PCC 7120, the hetN gene is pre-
ceded by hetM (renamed hglB; the protein product is similar to
polyketide synthases and is involved in the formation of hetero-
cyst glycolipids [Hgl]), alr5356 (encoding a hypothetical protein),
and other hgl genes and is followed by hetI, which is transcribed
from the opposite DNA strand and is annotated as encoding a
protein similar to phosphopantetheinyl transferases (9, 12). hetN
is expressed starting ca. 6 to 12 h after N stepdown in a monocis-
tronic transcript (9, 13). Contrasting effects of hetN inactivation
and overexpression have been reported, with inactivation of hetN
by the insertion of different constructs yielding either no change in
phenotype, suppression of heterocyst differentiation, or overdif-
ferentiation of heterocysts (9). hetN expression from a heterolo-
gous gene promoter (the Cu-inducible promoter PpetE, which is
active mainly in vegetative cells) yielded suppression of differen-
tiation, whereas in the absence of Cu, an Mch phenotype was
manifest 48 h after N stepdown, but no apparent phenotype was
evident at earlier times (10). On the other hand, the presence of
hetN on a multicopy plasmid produced suppression of differenti-
ation, but not always (9, 13). To what extent these different effects
were due directly to inactivation of hetN, to interference with the
effects of hetN transcription on neighboring genes, or to variable
protein levels resulting from ectopic gene expression is difficult to
discern. Recently, a hetN strain has been reported to yield in-
creased heterocyst frequency and an Mch phenotype 48 h after N
stepdown (14). Regarding a possible enzymatic activity of HetN,
this protein has been reported to catalyze ATP or GTP hydrolysis
in vitro, and conservation of residues integrating a putative cata-
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lytic triad necessary for oxidoreductase activity (S142, Y155, and
K159) has been noted (15). First it was reported that a K159E sub-
stitution, but not an S142D or Y155V substitution, blocked the in-
hibitory activity of HetN when it was overexpressed from a repli-
cative plasmid, though ATP hydrolysis was only weakly affected
(15). Later, conservative replacement of any of the three residues
(S142A, Y155F, K159R) was reported to have no effect on the pat-
terning of heterocysts (14).
It has been proposed that anRGSGRpeptide resulting from the
processing of HetN in the cytoplasm diffuses between cells via
direct cytoplasmic exchange (14). However, neither the identity
nor themechanism of action of the actual HetN-derived signaling
molecule for the regulation of the heterocyst distribution pattern
is known. In this work, we have reconsidered the six C-terminal
residues of PatS that are reproduced in the HetN sequence and
have confirmed their role in heterocyst patterning. We have also
found that HetN-green fluorescent protein (GFP) fusion proteins
localized specifically to the heterocyst periphery and cellular poles
at thylakoids and that this localization required the presence of an
N-terminal sequence including residues 2 to 27, indicating the
occurrence of a form of HetN larger than the ERGSGR peptide in
these differentiated cells.
MATERIALS AND METHODS
Strains and growth conditions. Anabaena sp. strain PCC 7120 (also
known asNostoc sp. strain PCC 7120) was grown photoautotrophically in
a BG110-based medium supplemented with NH4Cl as described previ-
ously (16). For bubbled cultures, the medium was supplemented with
NaHCO3 and was sparged with a mixture of air and CO2 (99:1). When
required, antibiotics were added to themedium: neomycin (Nm) at a final
concentration of 10g·ml1, streptomycin (Sm) and spectinomycin (Sp)
at final concentrations of 2 g·ml1 in liquid cultures and 5 g·ml1 in
solid cultures. For spot growth tests on solid medium, filaments grown in
liquid BG110 medium supplemented with NH4Cl were washed 3 times
with BG110. Filaments were spotted onto petri dishes containing BG110
medium alone or supplemented with NH4Cl, without antibiotics and
were incubated under standard conditions for 14 days.
Construction ofmutants.To delete different regions in the hetN gene
(see Fig. 1A), overlapping PCR primer pairs alr5358-1/alr5358-2 and
alr5358-3/alr5358-4 (for complete gene deletion), alr5358-1/alr5358-9
and alr5358-10/alr5358-4 (for deletion of DNA sequences encoding the
ERGSGR amino acid sequence), and alr5358-20/alr5358-13 and alr5358-
14/alr5358-21 (for deletion of DNA sequences corresponding to amino
acids 2 to 27)were used for amplificationwithAnabaena genomicDNA as
the template. All oligodeoxynucleotide primers are described in Table 1.
The resulting DNA fragments were sequenced and were cloned first into
pMBL-T and then into pRL278 (17) or directly into pRL278. The resulting
plasmids were named pCSL23, pCSL42, and pCSL73, respectively.
For the construction of a hetN-sf-gfp fusion, primer pair alr5358-18/
alr5358-19 was used to amplify the 3= end of hetN, and the resulting PCR
product was cloned into plasmid pCSAL39 (which includes a sequence
encoding a tetraglycine linker preceded by a BsaI site just before the sf-gfp
sequence). The resulting construct was cloned into pCSV3 (18), produc-
ing plasmid pCSL72. For the construction of a hetN-gfp-mut2 fusion,
overlapping PCRwas performed either using pCSL72 as the template with
primer pair alr5358-26/GFP-13 or using pCSL68 (which includes the gfp-
mut2 sequence) as the template with primer pair GFP-14/GFP-11. The
resulting DNA fragment was cloned using KpnI into pCSV3, producing
plasmid pCSL124.
Plasmids pCSL23, pCSL42, pCSL73, pCSL72, and pCSL124 were
transferred to strain PCC 7120 by conjugation, performed as described
previously (19). Additionally, plasmid pCSL23 was transferred to strain
CSVT20 (11) and plasmid pCSL72 to strains CSVT20 and CSL73 (ex-
pressing HetN 2–27). Exconjugants were selected by their resistance to
Sm and Sp, or to Nm; when appropriate, double recombinants were se-
lected by their resistance to sucrose (20) (sucrose sensitivity is conferred
by the sacB gene, present in the vector portions of the transferred plas-
mids); and the chromosome structure in the altered region was tested by
PCR and, in the case of pCSL73, by sequencing as well.
Microscopy.For lightmicroscopy, filaments grown inBG110medium
plus NH4Cl (in the presence of antibiotics when appropriate) were har-
vested, washed with nitrogen-free (BG110) medium, and incubated in
bubbled cultures at 30°C in the light. At least 300 cells or 100 intervalswere
counted for each strain in each of three to four independent experiments.
Dividing cells were counted as two cells. For the staining of (pro)hetero-
cysts, cell suspensions were mixed (1:10) with a 1% alcian blue (Sigma)
solution (11).
TABLE 1 Oligodeoxynucleotide primers used in this work
Name Sequence (5=–3=)
alr5358-1 TTATACACCTTGCGTCCCTTCCTC
alr5358-2 CTCAACAGCTACATAGCGTGAAGCGCCGGT
alr5358-3 ACCGGCGCTTCACGCTATGTAGCTGTTGAG
alr5358-4 TGAAGTTCATCTCTGGCGCATTCC
alr5358-9 AGCAATATTGACAATCATCATGCTGGGTAG
alr5358-10 CTACCCAGCATGATGATTGTCAATATTGCT
alr5358-13 TACCGTTGCCTGTTCTTTCATTGTAACCTGCTAGTC
alr5358-14 GACTAGCAGGTTACAATGAAAGAACAGGCAACGGTA
alr5358-18 AACCGGAAGCTTACGCGGTCTTGGTGTCTACATTG
alr5358-19 AAGCAAGGTCTCACGCCTGAGCGATGAGACTC
alr5358-20 GTAGATGGATCCTTATACACCTTGCGTCCCTTCCTC
alr5358-21 TTTTGGCTCGAGTCCACTACACCGAACCAACGAT
alr5358-26 AACCGGGGTACCACGCGGTCTTGGTGTCTACATTG
GFP-11 TCTGGTACCTTATTTGTATAGTTC
GFP-13 TTCTCCTTTGCTAGCACCTCCA
GFP-14 TGGAGGTGCTAGCAAAGGAGAA
FIG 1 (A) Schematic of the hetN genomic region in Anabaena sp. strain PCC
7120 and mutant derivatives. Genes from the wild-type strain PCC 7120 are
represented by gray arrows, and portions (of the specified sizes) deleted in the
indicated strains are represented by dashed segments. The two types of gfp
genes fused to intact or partially deleted hetN genes are represented by green
arrows. (B) Schematic of the HetN protein with the following relevant protein
segments indicated: a putative N-terminal signal peptide, the MMERGSGR
sequence, and the putative catalytic triad of S142, Y155, and K159 residues.
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Microscopy was also performed with a Leica SP5 confocal microscope
equipped with an HCX PL APO lambda blue 63.0 oil UV objective
(numerical aperture, 1.40) and with a Leica DM6000 B fluorescence mi-
croscope and an ORCA-ER camera (Hamamatsu) using an FITC (fluo-
rescein isothiocyanate) L5 filter (for excitation, a band-pass [BP] 480/40
filter; for emission, a BP 527/30 filter) for GFP fluorescence and a Texas
Red TX2 filter (for excitation, a BP 560/40 filter; for emission, a BP 645/75
filter) for cyanobacterial autofluorescence (chlorophyll fluorescence).
Treatment of the images, including blind deconvolution for deblurring of
3-dimensional (3D) images, was carried out with Leica Application Suite
Advanced Fluorescence (LAS AF) software. For time lapse experiments,
Anabaena filaments were placed on BG110 medium solidified with 0.5%
FIG 2 Heterocyst distribution in Anabaena hetN mutant strains. Filaments from bubbled, ammonium-supplemented cultures of the indicated strains were
washed three timeswith BG110medium, resuspended in BG110medium, and incubated under the same culture conditions for 24, 48, or 72 h (as indicated). Cells
were counted after staining with alcian blue. Values are means (and standard deviations of the means) of results from 3 to 4 independent experiments (see
Materials and Methods). In cases where the frequency is higher than 30%, the actual value is given.
Corrales-Guerrero et al.
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agar and were incubated for at least 48 h, growing at 30°C. Sequential
pictures were taken for another 27 h.
Sequence analysis.Genomes were accessed and analyzed fromwithin
BioBIKE (21), an online platform that combines a programming language
geared to genome analysis with a built-in genomic database. A list of
genomes considered is given in Table S1 in the supplemental material.
Sequences were compared using BLAST (22). Multiple sequence align-
ments were made using ClustalW (23) and were visualized using Jalview
(24). Graphical alignments of genetic regions were made with a program
written by Arnaud Taton in BioBIKE. Phylogenetic trees weremade using
Phylip (25). Protein domains were predicted through the SMART data-
base (26). All the tools listed above were accessed through built-in
BioBIKE functions, which handled any required format transformations.
RESULTS
hetNmutants. In order to investigate the functional role of HetN
in heterocyst spacing, we focused on two regions of the protein
(Fig. 1B): (i) an internal ERGSGR sequence (residues 131 to 136),
which is the same as the six C-terminal residues of PatS, and (ii)
theN terminus ofHetN, suggested byHiga et al. (14) to be a signal
peptide. Those investigators found that a strain expressing HetN
with a deletion of residues 2 to 46 formed a pattern of heterocysts
similar to that of the wild type, while different strains with conser-
vative substitutions of the R132, G133, S134, G135, and R136 residues
exhibited increased heterocyst frequency and a tendency to form
multiple contiguous heterocyts (14). We have constructed strains
CSL73 and CSL32, expressing HetN versions lacking residues 2 to
27 and 131 to 136, respectively (Fig. 1A). In these strains we have
determined the heterocyst frequency, the frequency of contiguous
heterocysts or proheterocysts (for definitions, see reference 11),
and the mean size of the vegetative-cell interval between hetero-
cysts (Fig. 2; Table 2). In agreement with previous results, the
percentage of total heterocysts, the percentage of contiguous het-
erocysts, and the mean interval size in strain CSL32 (producing
HetNERGSGR) were similar to those of a hetN deletionmutant
(strain CSL7, constructed in this work [Fig. 1A]), thus confirming
the necessity of the (E)RGSGR stretch for HetN activity influenc-
ing heterocyst patterning.
In strain CSL73 (producing HetN 2–27), the percentage of
heterocysts was higher (1.5% at 24 h and 1.8% at 48 or 72 h), and
the mean interval size shorter (0.6 at 24 and 48 h and 0.7 at 72 h),
than in the wild type. The percentage of contiguous heterocysts
was considerably greater in CSL73 than in the wild type, and the
difference increased with time after N stepdown (1.4-fold at 24 h,
1.8-fold at 48 h, and 5.9-fold at 72 h) (Fig. 2; Table 2).With regard
to all three parameters measured, the phenotype of strain CSL73
appeared intermediate between those of the wild type and the
hetN deletionmutant, strain CSL7. Thus, deletion of the N-termi-
nal region of HetN up to residue 27 leads to impairment of its
activity.
The capability for diazotrophic growth was tested in strains
expressing altered hetN versions. The two strains with partial de-
letions in hetN, CSL73 and CSL32, were capable of growth in the
absence of combined nitrogen, as observed also for strain CSL7, in
which hetN is fully deleted (data not shown).
HetN localization. A hetN-gfp translational fusion placed on a
plasmid has been reported to give faint fluorescence primarily in
proheterocysts 17 h after N stepdown (10), and HetN has been
detected in associationwith cytoplasmic and thylakoidmembrane
fractions and in heterocyst preparations from strain PCC 7120
(27). The localization of HetN in theAnabaena filament was stud-
ied by means of C-terminal fusions to GFP. Derivative strains
producing a HetN-sf-GFP construct as the only HetN version in a
wild-type (strain CSL71) or patS (strain CSL72) background were
generated (Fig. 1A; Table 2). The superfolder version of GFP (sf-
GFP) can fold properly even in the periplasm (28). The frequency
and distribution of heterocysts in strains CSL71 and CSL72 were
more similar to those in their parental strains (PCC 7120 and
CSVT20, respectively) than to those in the strains with hetN de-
leted in the same backgrounds (CSL7 and CSL11, respectively)
(Table 2). Thus, theHetN-sf-GFP fusion protein retains apprecia-
ble HetN activity.
Time lapse microscopy with strain CSL71 growing on N2
showed that upon initiation of heterocyst differentiation, the GFP
fluorescence was first distributed throughout all the area of a dif-
ferentiating cell and thereafter localized progressively to the pe-
riphery and the polar region of the cell but apparently did not
enter the heterocyst neck (Fig. 3A and B and 4A). Quantification
of the GFP fluorescence and the chlorophyll fluorescence along
the heterocyst showed a relatively uniform distribution of GFP
fluorescence within early differentiating heterocysts. In mature
heterocysts, however, GFP fluorescence was markedly concen-
trated at the cell poles, at places coincident with chlorophyll,
whose fluorescence decreased during heterocyst differentiation
(Fig. 3C).
The localization of HetN-sf-GFP in strain CSL72 (Fig. 5A) was
similar to that in CSL71. Thus, the absence of PatS did not influ-
ence the localization of HetN. A similar sf-GFP fusion was gener-
ated with the HetN protein lacking residues 2 to 27, which was the
product of the only hetN gene version present in strain CSL103
TABLE 2 Pattern of heterocysts in Anabaena strains expressing altered
hetN versions
Genotype Straina
Time
(h) % heterocystsb
% contiguous
heterocystsc
Mean
intervald
Wild type PCC 7120 24 10.4 0.4 3.9 0.6 10.5 0.7
48 8.6 0.4 6.4 1.0 13.1 0.8
72 7.5 0.7 2.5 2.0 13.3 0.8
patS CSVT20 24 18.6 2.2 27.8 8.0 5.5 0.7
48 17.2 1.0 23.4 6.8 6.8 0.4
72 17.6 1.0 33.7 2.5 6.0 0.6
hetN CSL7 24 14.3 1.0 15.7 5.5 6.8 0.1
48 13.9 0.6 25.0 3.1 6.2 0.2
72 17.7 1.0 33.7 8.4 5.6 1.2
hetN ERGSGR CSL32 24 13.8 2.4 9.2 4.6 7.5 1.0
48 14.2 3.2 36.3 7.6 5.5 0.5
72 14.6 2.8 32.7 4.6 6.3 0.7
hetN2–27 CSL73 24 15.9 0.9 5.3 0.9 6.2 0.1
48 15.2 0.8 11.6 1.6 8.1 0.2
72 13.9 0.3 14.6 1.2 8.8 0.5
hetN-sf-gfp CSL71 24 10.0 0.1 5.9 0.8 8.7 0.3
48 12.2 2.0 12.0 4.0 9.8 0.6
72 11.2 1.4 12.4 1.4 11.1 1.2
hetN-sf-gfp patS CSL72 24 16.3 0.9 20.5 1.6 7.5 0.2
48 15.7 0.1 23.3 5.2 8.1 0.6
72 14.2 0.6 16.8 2.4 9.4 0.4
patS hetN CSL11 24 42.7 4.8 58.2 3.0 1.5 0.2
48 62.5 10.0 70.6 5.4 1.1 0.3
72 65.0 6.7 67.2 5.1 1.1 0.02
a The CSVT20 (11) and CSL11 mutants are included as controls.
b Heterocyst frequency is expressed as a percentage of total cells.
c Vegetative cell interval size 0, expressed as the percentage of total intervals.
d Number of vegetative cells between heterocysts.
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(Fig. 1). In this strain, regardless of the differentiation stage, fluo-
rescence from GFP remained homogeneously distributed
throughout the cell area with no apparent preference for the cell
periphery or the cell poles (a mature heterocyst, as indicated by
morphology, is shown in Fig. 4B and C), a pattern also evidenced
by fluorescence quantification (Fig. 4E). Thus, the deleted stretch
of the protein (residues 2 to 27) is important forHetN localization
during heterocyst differentiation.
Finally, an Anabaena derivative producing a HetN-GFP-mut2
construct as the only HetN version in a wild-type background
(strain CSL108) was generated. The localization of GFP fluores-
cence in this strain (Fig. 5B) appears similar to that in strainCSL71
(Fig. 3). Because the GFP encoded by the gfp-mut2 gene folds
properly only in the cytoplasm (29), which also excludes the thy-
lakoid lumen, these results suggest a cytoplasmic localization of
the C terminus of HetN.
HetN in other cyanobacteria. We examined the sequences of
the 113 proteins most similar to HetN, which exhibited broad
similarity over the N-terminal 70% of the protein. That region in
many, if not most, of the proteins showed a significant match (E
value, 1025) with Pfam family adh_short (short-chain dehy-
drogenases) and a less significant match with Pfam family KR
(polyketide synthases), in accordance with the biochemical activ-
itymeasured by Liu and Chen (15). A cluster of eight proteins also
exhibited similarity over the C-terminal 30% of HetN amino ac-
ids, and these formed group a, one of the seven groups of HetN-
like proteins defined by sequence similarity (see Fig. S1 to S3 in the
supplemental material).
The ERGSGR peptide of HetN lies in the large N-terminal re-
gion, within a poorly conserved part of an otherwise well con-
served protein (Fig. 6). It is found in only three related cyanobac-
teria (Anabaena sp. strain PCC 7120, Anabaena variabilis, and
FIG 3 Localization of HetN-GFP during heterocyst differentiation. (A) Time lapse sequence of confocal microscopic images (merged GFP [green] and
chlorophyll [red] fluorescence) of strain CSL71 (expressing a HetN-sf-GFP fusion in a wild-type background) grown in solid (0.5% agar) BG110 medium. Each
image was taken at the specified time after the arbitrarily chosen start of observations (see Materials andMethods). For GFP fluorescence, the background value
of strain PCC 7120 was set at zero. Arrowheads point to differentiating heterocysts. (B) Magnification of the cell marked with an arrowhead in panel A, 0 h. Bar,
4m. (C)Quantification of chlorophyll (Chl) andGFP fluorescence across the longitudinal axis of the differentiating heterocysts shown in panel B, 0 h (left) and
27.5 h (right). The areas monitored are outlined in white in the images above the graphs.
Corrales-Guerrero et al.
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Nostoc sp. strain PCC 7524) (see Fig. S3B in the supplemental
material) and two distantly related single cellular strains (Syn-
echococcus sp. strains JA-3-3Ab and JA-2-3B [data not shown]).
One can see from the alignment (Fig. 6) two potential start codons
internal to HetN, coding for methionine residues immediately
upstream of ERGSGR. The more upstream methionine is con-
served in 95 of the 113 aligned sequences, but the other methio-
nine is found only in theHetN protein ofAnabaena sp. strain PCC
7120, the other 2 most closely related proteins, and 3 proteins in
group g. The two methionines are not preceded by any sequence
resembling a ribosome-binding site (data not shown), but if either
served to initiate translation, the resulting peptide would be sim-
ilar to those shown by Corrales-Guerrero et al. (11) to partially
complement the absence of PatS.
The hetN gene was originally discovered within a cluster dense
with genes important in heterocyst differentiation (9, 30). Its po-
sition in that cluster is shared by the other two genes encoding
RGSGR-containing HetN-like proteins of group a, but in other
heterocyst-forming cyanobacteria, that position is occupied by a
gene encoding a distantly related oxidoreductase or by nothing at
all (see Fig. S4 in the supplemental material). The genes encoding
other HetN-like proteins of group a are in different regions of the
chromosome.
DISCUSSION
HetN is a factor influencing the heterocyst pattern inAnabaena sp.
strain PCC 7120 through a negative effect on differentiation. Our
results indicate that a 26-residueN-terminal stretch of the protein
(residues 2 to 27) is required for the normal activity of HetN in
FIG 5 Localization of HetN-GFP in strains CSL72 and CSL108. Shown are
deconvolved fluorescence microscopy images (merged GFP [green] and chlo-
rophyll [red] fluorescence) of ammonium-grown filaments of strains CSL72
(expressing a HetN-sf-GFP fusion in a patS background) (A) and CSL108
(expressing HetN-GFP-mut2 in a wild-type background) (B) incubated for 20
h in bubbled BG110 medium. Bars, 4 m.
Fl
uo
re
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en
ce
FIG 4 Localization of HetN-GFP in strains CSL71 and CSL103. (A and B) Deconvolved fluorescence microscopy images (merged GFP [green] and chlorophyll
[red] fluorescence) of filaments of strains CSL71 (expressing HetN-sf-GFP) (A) and CSL103 (expressing HetN 2–27-sf-GFP) (B) grown in solid BG110
medium. Bars, 4 m. (C) The bright-field image of the field shown in panel B shows a heterocyst with two polar plugs, indicating its maturity. A polar plug was
seen also in the heterocyst shown in panel A (bright-field image not shown). (D and E) Quantification of chlorophyll fluorescence and GFP fluorescence across
the transverse axis of the differentiating heterocyst shown in panel A (CSL71) (D) and across the longitudinal axis of the differentiating heterocyst shown in panel
B (CSL103) (E). The areas monitored are outlined in white in the images above the graphs. The arbitrary units (a.u.) in panels D and E are different.
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modulating heterocyst patterning and that this region is required
for the correct localization of HetN in mature heterocysts.
The nature of the N terminus is not clear. The region was
identified as a possible signal peptide by one prediction program
(SignalP, version 3.0 [D value, 0.547, with a nominal cutoff of 0.44
for significance]) but not by others (e.g., SignalP, version 4.1 [D
value, 0.269, with a nominal cutoff of 0.57 for significance], or
TatP, version 1.0). SignalP, version 3.0, predicts a signal sequence
at the positions of residues 1 to 27, with the most likely cleavage
site between residues 27 and 28. It should be noted that Higa et al.
(14) reported that deletion of HetN residues 1 to 46 had no effect
on patterning, but in support they provided only the heterocyst
percentages at an unspecified time after N stepdown. Because the
largest difference between our strain CSL73 (HetN 2–27) and
the wild type was the difference in the percentage of contiguous
heterocysts, which is indeed themost definitive feature of theMch
phenotype, especially at 72 h after N stepdown, differences in
strain characterization could be at the basis of the contrasting
findings of the effects of N-terminal deletions in HetN. The two
experiments also differed in the choice of promoters to drive the
expression of the constructs: PhetN in the current work versus the
much stronger promoter PpetE in the work of Higa et al. (14).
The lesser ability of aHetNmutant to affect differentiationmay be
masked by higher expression.
HetN-GFP is first seen localized throughout the proheterocyst
area; later in heterocyst differentiation, it is seen localized at the
cell periphery, appearing more concentrated at the heterocyst po-
lar regions (Fig. 3). Previously, aHetN-C-YFP translational fusion
expressed from the PhetN promoter on a plasmid in a hetRmutant
background insensitive to HetNwas reported to give fluorescence
uniformly at the periphery of heterocyst (14). The lack of polar
specificity in this strain, in contrast to our results with CSL71 and
CSL108, could result from higher hetN expression or from struc-
tural differences in heterocysts arising from the lack of a fully
functional HetR protein (employed to allow heterocyst differen-
tiation despite the high level of HetN).
Under our conditions, normal localization of HetN to the
poles of heterocysts requires the N-terminal stretch of the protein
comprising residues 2 to 27 (Fig. 4). This stretch of HetN may
include an unconventional signal sequence for sorting the protein.
Moreover, the requirement of this stretch for regulation of the
heterocyst pattern as well indicates that the correct localization of
HetN may be needed for proper function.
HetN-GFP at the heterocyst poles appears not to enter the
heterocyst neck (Fig. 3B and 4A), but the arrangement resembles
dispositions of internal membranes such as the “honeycomb”
membrane system that exhibits oxidase activity (31), and HetN-
GFPmay coincidewith the thylakoidmembranes that are concen-
trated at the poles in these cells (32). Indeed, the coincidence of
HetN-GFP fluorescence with chlorophyll fluorescence (Fig. 3C)
supports a localization of HetN in the thylakoids. This would be
consistent with the previous detection by immunoblotting of
HetN in photosynthetic membrane fractions of whole filaments
(27). The localization of HetN in heterocyst thylakoids could in-
volve anchoring to the thylakoid membranes. In principle, this
could rely on an internal transmembrane segment. However,
analyses for transmembrane segment predictions in HetN were
inconclusive (a transmembrane domain was predicted at residues
173 to 193 by Toppred, at residues 112 to 127 byMEMSAT-SVM,
and at residues 61 to 79 by MEMSAT; no segment was predicted
by SOSUI, PSORT, or TMHMM). Thus, rather than involving a
transmembrane segment, HetN could be localized to the hetero-
cyst thylakoid membrane by interactions that do not imply mem-
brane spanning. HetN could represent a good marker for follow-
ing the dynamics of thylakoid reorganization during heterocyst
differentiation, from a peripheral location throughout the vegeta-
tive cells to a peripheral polar location in the heterocysts.
Both conservative amino acid substitutions within the chro-
mosomal hetN gene (14) and deletion of residues 131 to 136
(strain CSL32 [Table 2]) point to the importance in heterocyst
spacing of the (E)RGSGR region of HetN, which is identical in
sequence to the 6 C-terminal residues of the PatS morphogen. On
the other hand, Li et al. (27) reported that similar site-specific
mutations in this region had no effect on the ability of a second
copy of hetN, placed on a multicopy plasmid, to suppress hetero-
cyst differentiation, and Higa et al. (14) reported only a modest
FIG 6 Alignment of proteins most similar to Anabaena sp. strain PCC 7120 HetN (Alr5358). Shown is a portion of the alignment of the HetN-like proteins
described in Fig. S3 in the supplemental material, in the region corresponding to Anabaena sp. strain PCC 7120 HetN coordinates 84 to 145. The red horizontal
lines demarcate the three proteins from heterocyst-forming cyanobacteria that contain ERGSGR, and thick red lines surround the ERGSGR region. The
consensus score histogram indicates the degree to which each residue is conserved (23), calculated over all 111 sequences (35). The entire alignment is given in
Fig. S1 in the supplemental material.
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reduction in suppression ability under these circumstances when
G133, S134, or G135 had beenmutated. Again, differences in expres-
sion levels may explain the discrepancies between these two types
of experiments.
Studies of the molecular mechanism governing heterocyst dif-
ferentiation have focused to a large degree on Anabaena sp. strain
PCC 7120. If the presence of the (E)RGSGR peptide within HetN
is an indispensable part of the machinery governing heterocyst
spacing, then one would expect these residues to occur in HetN
orthologs in all heterocyst-forming cyanobacteria, but this is not
the case. They are found only in cyanobacteria very closely related
to Anabaena sp. strain PCC 7120. It seems likely that the ability of
HetN to provide the (E)RGSGR peptide was gained relatively re-
cently. If such a function served by HetN is present in other cya-
nobacteria with spaced heterocysts, it must be provided by a thus
far unreported protein.
In summary, regarding the role of the HetN (E)RGSGR pep-
tide, the pattern of fluorescence from HetN-GFP fusions argues
against the idea that HetN is transported intact outside the het-
erocyst. However, it remains possible that the (E)RGSGR peptide
is excised from a superficial region of HetN within the cytoplasm
and is then transported out of the heterocyst. Also, one of the
internal ATG codons 5= to the ERGSGR region in the hetN gene
(Fig. 6) may initiate the translation of a short peptide directly by a
Shine-Dalgarno sequence-independent mechanism (33).
In addition to the role of the (E)RGSGR peptide, the full HetN
protein could serve a different function, which could be related to
photosynthesis/respiration in the heterocysts, consistent with its
colocalization with internal membranes, its similarity to oxi-
doreductases, and its reported enzymatic activity (see reference
15). Indeed, the occurrence in heterocysts of a form of the protein
larger than the ERGSGR peptide is evident from the localized
fluorescence observed from GFP fused to the C terminus of HetN
(compare Fig. 4A in the present work with Fig. 1 in reference 34,
showing the homogeneous distribution of free GFP), confirming
the immunological findings of Li et al. (27).
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